Abstract. Synthetic color indices and interstellar reddening-free Q-parameters are calculated for a number of passbands in the vicinity of the Paschen jump using the Kurucz (1995) models as the radiation sources. It is shown that in some cases the Paschen jump can replace the Balmer jump for classification of B-A-F type stars in temperatures and gravities (or luminosities). However, the photometric effect of the Paschen jump is smaller by a factor of five in comparison with the Balmer jump. This gives somewhat lower accuracy of classification. However, the Paschen jump region may be preferable for stars affected by a considerable interstellar reddening, when they are too faint to be measured in the ultraviolet.
INTRODUCTION
The significance of the Balmer jump in photometric classification of early-type stars is obvious. The intensity ratio on both sides of the jump is a good temperature indicator. Appearing as a small discontinuity at the spectral class 05, the jump reaches its maximum at the main sequence classes A0-A3 where its height is 1.3 mag. For cooler stars the Balmer jump decreases and at spectral class G5 it is indistiguishable between numerous metallic-line blends. For supergiants the Balmer jump reaches its maximum at spectral class FO where its height is even larger than for A0-A2 main-sequence stars.
Another important luminosity effect is related with the position of the Balmer jump. The theoretical limit of the Balmer series is at 364.6 nm, but in reality the intensity of the spectrum begins to drop at somewhat longer wavelengths, 380-390 nm. This is related to the broadening of Balmer lines due to the Stark effect which is strongly gravity-dependent. As gravity decreases, the Balmer lines become narrower and fainter. This is the reason why in supergiant spectra higher members of the series are seen. In the case of high gravity stars, broad wings of the high members of the series overlap and the intensity drops down at longer wavelengths. For main-sequence stars at log g = 4.0 this happens at 390 nm while for supergiants at log g = 2.0 the drop begins at 380 nm.
In spectrophotometry, the practical position of the Balmer jump has been measured by the wavelength λχ defined by Barbier & Chalonge (1939 , 1941 .
Both these properties of the Balmer jump are used in the Vilnius photometric system (Straizys 1977 (Straizys , 1992 for the quantification of B-A-F type stars in temperatures and luminosities. For measuring the jump height we use the U-X color index where U is the ultraviolet passband at 345 nm and X is the violet passband at 405 nm. In the Stromgren system the corresponding color index is u-v and in the Geneva system it is U-Bl. For measuring the Balmer jump position we use the P-Y color index where Ρ is the ultraviolet passband at 374 nm and Y is the blue passband at 466 nm. In the combined Strömvil system (Straizys, Crawford L· Philip 1996) the u, υ and b passbands of the Stromgren system and the Ρ passband of the Vilnius system are used for the same purposes.
When stars are affected by interstellar extinction, they become fainter; the extinction increases with decreasing wavelength. Let us evaluate the effect by using the mean interstellar extinction curve for the Galaxy given in my monograph on multicolor stellar photometry (Straizys 1992) . If the extinction in the V passband of UBV system is Ay mag, then it is 1.3 Ay in the violet X passband, 1.6 Αν in the ultraviolet Ρ passband and 1.9 Ay in the ultraviolet U passband. This means that at heavy extinctions the difference between Ay and An can be very large, reaching several magnitudes. As a result, the limiting magnitude of the system will be defined exclusively by the ultraviolet passband. Therefore, it may be problematic to measure the Balmer jump for heavily reddened stars.
THE PASCHEN JUMP
The Paschen jump, originating from the ionization of hydrogen from its η = 3 level, is situated in the near infrared spectrum: the theoretical limit of the Paschen series is at 820.4 nm and the Pa line is at 1.875 μτη. However, the maximum height of the Paschen jump is 0.3 mag only, i.e. it is about four times smaller than the Balmer jump (Bloch & Mao-Lin 1953 , Ringuelet 1969 .
The crowding of the high members of the Paschen series and the Paschen jump appear in the spectral region where interstellar extinction is relatively low: it is lower than Ay by a factor of 1.4. At the same time, the sensitivity of CCD detectors here is quite high. Consequently, this spectral region seems to be promising to replace the Balmer jump region for temperature and luminosity measurement in early-type stars. This is especially important for increasing the limiting magnitude of the stars, accessible for multidimensional quantification with the Gaia orbiting observatory of ESA, planned to be launched next decade.
To our knowledge, the Paschen jump region has never been used for the photometric classification of early-type stars. However, the near infrared spectrum was used for classification of K, M, S and C stars by narrow-band photometry of TiO, VO, ZrO, LaO, CN bands and the continuum (Wing 1970 , Lockwood & McMillan 1970 , Mould 1976a , Piccirillo 1976 , Cook et al. 1986 , Little 1988 , see also the review of photometric systems in Straizys 1992) .
Also this spectral region is very popular in spectroscopic investigations and spectral classification of stars. The first inspection studies of the region were published by Merrill (1934) , Merrill & Wilson (1934) , Wilson k Merrill (1937) , Keenan & Hynek (1945) . Spectral atlases and star classification studies were published by Keenan (1954 Keenan ( , 1957 , Sharpless (1956) , Kuiper (1963) , Parsons (1964) , Wing (1966 Wing ( , 1967 Wing ( , 1988 , Andrillat & Houziaux (1967) , Wyckoff (1970) , Cohen (1978) , Bouw (1981) , Barbieri et al. (1981) , Ginestet et al. (1994) , Torres-Dodgen & Weaver (1993) , Torres-Dodgen (1994) , Andrillat et al. (1995) , Carquillat et al. (1997) . Physical parameters of stars were investigated by Anderson (1974) , Mould (1976b) , Jones et al. (1984) , Diaz et al. (1989) , Armandroff & Da Costa (1991) .
Synthetic spectra in the region were calculated by Erdelyi-Mendes L· Barbuy (1991), Jorgensen et al. (1992) , Kurucz (1995) and GarciaVargas et al. (1998) . The strong Ca II triplet lines appearing at 850, 854 and 866 nm are sensitive criterion both for luminosity and metallicity of G and Κ stars.
The spectra in the 800-900 nm region are well shown in investigations of the infrared diffuse interstellar bands by Sanner et al. (1978) , Herbig & Leka (1991) and Jenniskens & Desert (1994) .
The spectral region between 850-870 nm has been chosen for the spectroscopic channel of the Gaia orbiting observatory for the determination of radial velocities and spectral classification of all stars brighter than 14 mag (Perryman 1997 , Favata 1997 , Munari 1998 , Merat et al. 1998 ).
NUMERICAL EXPERIMENTS
For a search of the optimum photometric passbands in the region of the Paschen jump, synthetic spectra of the Kurucz (1995) model atmospheres of the solar metallicity were used.
Synthetic color indices were calculated by the following equation:
where F(X) are the synthetic flux distribution functions of the models, τ χ (Λ) is the transmittance function of χ units of interstellar dust (from Straizys 1992), -Ri(A) and R.2(X) are the response functions of the passbands 1 and 2. The value of constant makes all color indices of the model with Te = 35 000 Κ and log g = 4.0 to be zeros.
Color indices can be used to calculate the reddening-free Qparameters:
here Ek,e = (rrik -"^)reddened ~ (™Jt ~ »™¿)intrinsic· (3)
Passbands with different positions, widths and forms were investigated. Here we present the results only for three passbands with the mean wavelengths at 800, 875 and 940 nm which are found to be most useful for photometric quantification of stars. The passbands are designated by numerals in italic which mean the mean wavelength of the passband. The rectangular form of the infrared passbands is taken everywhere. It seems that this form of passbands is the optimum for measuring photometric criteria. Accomplishment of such passbands is possible with the dichroic interference filters. In Fig. 1 the passbands are shown together with the flux distribution curves of Kurucz models of T e = 10000 Κ and various gravities.
In calculating the reddening-free Q-parameters, some additional passbands at shorter wavelengths are to be taken. For this we used the passbands with mean wavelengths at 340, 380, 405, 460 and 545 nm. All these passbands are of rectangular shapes and their widths are 30 nm, except for the 340 nm passband which is 50 nm wide. The mean wavelengths of these passbands are close to the mean wavelengths of the passbands U, Ρ, Χ, Y and V of the Vilnius system (Straizys 1977 (Straizys , 1992 .
The height of the Paschen jump of unreddened stars can be measured by the 800-940 color index. The 800 nm band is placed in the line-free continuum of early-type stars, shortward of the Paschen 4. RESULTS jump, and is 40 nm wide while the 940 nm passband is placed between the P8 and P9 Paschen lines and is only 20 nm wide to avoid the influence of the lines. In Fig. 2 this color index is plotted against the temperature sensitive color index 405-460 of the "rectangular" Vilnius system for the Kurucz models of log g = 4.0, 2.5 and 1.0. These values of gravity for B-and A-type stars approximately correspond to luminosity V, II and la stars. The Paschen jump creates a nonlinearity of the sequences similar to that observed in the case of the Balmer jump and shown in the upper part of Fig. 2. A comparison of color indices 340-405 and 800-940 shows that the photometric effect of the Paschen jump is about seven times smaller than the effect of the Balmer jump. Both indices show the gravity (or luminosity) effect for A-and F-type stars. However, in the case of 800-940 this effect is too small to be used for the quantification of stars in gravities even in the case of absence of interstellar reddening.
For measuring the absorption by the high members of the Paschen series, a passband at 875 nm of 30 nm width has been introduced. The two-color diagram 800-875 vs. 405-460 is plotted in Fig. 3 . Here the gravity (or luminosity) effect is about twice larger than in the previous diagram: the maximum separation of the log g = 4.0 and 1.0 sequences is about 0.18 mag. The diagram of Fig. 3 can be used for the quantification of stars in gravities at high galactic latitudes where interstellar reddening is close to zero. For a comparison, the Balmer jump sensitive 340-380 vs. 405-460 diagram is shown. The maximum difference between the log g = 4.0 and 1.0 sequences in this case is five times larger than for the Paschen jump indices.
In the case of non-zero interstellar reddening, for the quantification of stars Q-parameters can be used. Fig. 4 shows one of such diagrams, Qgoo,875,460,545 vs Ç>405,460,545· This diagram is completely interstellar reddening-free, and the sequences of log g = 4.0 and 1.0 are separated by up to 0.16 mag. This means that the stars can be classified in two dimensions (temperature and gravity) if the accuracy of the observed color indices is sufficiently high, of the order of ±0.01 mag, and if the cosmic dispersion of the sequences of different gravities is sufficiently small.
One more interstellar reddening-free diagram, (?800,875,940 vs. $405,460,545 is shown in Fig. 5 . This diagram for B-and A-type stars is much better than the diagram of Fig. 4 , the luminosity effect being (800,875,460,545) vs. Q(405,460,545) for the Kurucz models. The three sequences are for log g = 4.0, 2.5 and 1.0. (800, 875, 940) vs. Q (405, 460, 545) for the Kurucz models. The sequences are for log g = 4.0, 2.5 and 1.0. ~ 0.3 mag. However, this diagram uses three infrared passbands (800, 875 and 940 nm) instead of two.
LATE-TYPE STARS
The passbands measuring the parameters of the Paschen jump can be also important for classification of the cool M, S, R and Ν stars. The low-resolution spectrograms given by Spinrad & Newburn (1965) , Spinrad et al. (1966) , Wyckoff (197Ó) , Wyckoff & Wehinger (1971 , 1972 , Wing (1972 Wing ( , 1988 , Smak & Wing (1979) , Barbieri et al. (1981) , Craine et al. (1983) , Brett (1990) and TorresDodgen & Weaver (1993) give information about the molecular bands which are present in these passbands.
(a) The 800 nm passband G and Κ stars exhibit the CN band inside this passband (785-810 nm). This band is faint in dwarfs but becomes stronger in giants and supergiants; it is very strong in carbon stars. In M-type stars of late subclasses (>M5 III) the 800 nm passband overlaps the wing of a group of TiO bands with the heads at 767-782 nm. In the longperiod variables at their latest M subclasses (>M7) the VO bands with the heads at 786.5 and 794 nm are present in the passband. In typical S-type stars at the lowest temperatures a strong LaO band with the head at 791 nm is seen.
(b) The 875 nm passband This passband includes one of the Call triplet lines at 866 nm, however, it is too faint to give a measurable photometric effect in the passband of the 30 nm width. Other metallic lines are much fainter. In M-type stars of late subclasses a TiO band with the head at 843 nm is present. In S-type stars of low temperatures the CrH band with the head at 861 nm is present. In carbon stars a C2 band is present near the passband center.
(c) The 940 nm passband In the spectra of G-K-early M stars no strong spectral features are seen. However, in late M and S subclasses the strong TiO band (the head at 921 nm) and ZrO band (the head at 930 nm) appear in this passband. In carbon stars a very strong CN band is present. In the coolest long-period variables (spectral classes >M7) the stellar water vapor band covers almost all width of the passband (930-950 nm).
Probably, these molecular bands can be used to segregate the oxygen-and carbon-rich stars measured in the passbands 800, 875 and 94Ο. However, this is difficult to verify without reliable flux distribution curves of carbon-rich model atmospheres. The available observational data are scarce and of low accuracy due to difficulties with account of the atmospheric water vapor absorption.
EMISSION-LINE STARS
Most stars with gaseous envelopes show the emission lines in the Paschen jump region:
(1) Of, Oe, Be and Herbig Ae/Be stars show emissions of Paschen lines, Ca II triplet lines and O I lines (Hiltner 1947 , Andrillat L· Houziaux 1967 , Andrillat & Swings 1976 , Polidan & Peters 1976 , Briot 1977 , 1981a ,b, Johnson et al. 1978 , Andrillat 1979 , Houziaux & Andrillat 1982 , Underhill & Doazan 1982 , Andrillat et al. 1995 ,
(2) Τ Tauri-type stars show emissions of Ca II, 0 I, Fe II and Paschen lines (Andrillat & Swings 1977 , Herbig & Soderblom 1980 , Andrillat 1985 , Hamann & Persson 1992 , (3) Mira variables show emissions of Paschen and Ca II lines (Merrill 1960 , Contadakis & Solf 1981 , Celis 1984 , Carquillat et al. 1997 , (4) K-M dwarfs with active chromospheres show emission line cores of Ca II lines (Ginestet et al. 1994) .
(5) Wolf-Rayet WC stars show a number of emission lines of CII, C III and CIV and WN stars with He II emission lines (Swings L· Jose 1950 , Andrillat 1956 , Kuhi 1966 , Bertola L· Ciatti 1972 , Andrillat k Vreux 1975 , Sivertsen 1981 , Vreux et al. 1983 .
The passbands 800 and 940 are free of all these emissions. The passband 875 contains emissions in the Paschen lines Pll, P12 and P13 and the Ca II line at 866 nm. In WC stars this passband includes the lines 866.4 nm and 866.8 nm (C III) and 885.9 nm (CIV) of moderate strength. These emission lines should create a considerable photometric effect. For its estimation filter photometric observations are needed.
CONCLUSIONS
The numerical experiments with the passbands in the vicinity of the Paschen jump, measuring temperature and gravity effects, allow to conclude that this spectral region is sufficiently informative to be used in two-dimensional classification of early-type stars. For this purpose the most useful are the interstellar reddening-free diagrams $800, 875, 405, 460 VS $405, 460, 545 and $800, 875, 940 VS $405, 460, 545 which give a two-dimensional classification of B-A-F stars. However, the separation of sequences in these diagrams is by 5-7 times smaller than in the corresponding diagrams of the Vilnius system, which use the height and position of the Balmer jump. Consequently, the Paschen diagrams should be used only in the case when stars are too faint to be measured in the ultraviolet passbands. Also, the 940 nm passband cannot be used from the surface since the radiation of stars in this spectral region is considerably weakened by a strong absorption of the atmospheric water vapor. However, the passbands at 800 nm and 875 nm are in the transparent windows.
The conclusion can be made that it would be important to supplement the Gaia photometric system by three (800, 875 and 940 nm) infrared passbands measuring the height of the Paschen jump and the absorption strength of radiation by the higher members of the Paschen series.
Note added in proof:
Erik H0g and Jens Knude have directed my attention to the fact that the 940 passband is very close to the strong [S III] line at 953 nm, which is observed in emission nebulae. To exclude its influence in photometry of stars embedded in nebulae, it is preferable to shift the center of the 940 nm passband to 938 nm. In this case, the rectangular passband of the width 20 nm will escape the [S III] line.
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